TECHNICAL NOTES

[ R0 Ny

WATIONAL ADVISORY COMMITTEE FOR AEBRONAUTICS

No. 754

AN INVESTIGATION OF THE PREVENTION OF ICE ON
THE AIRPLANE WI¥FDSHIELD

By Lewis A. Rodert
Langley Menmorial Aeronautical Laboratory

Washington
March 1940

[ Lo-'-v-!-"\.'(




ﬂl‘lﬁJi"lll*lll}zl&ﬂl‘@@ihHIE'JH!FI

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

TECHNICAL NOTE XO. 754
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THE AIRPLANE WINDSHIELD

By Lewils A. Roderst
SUMMARY

An investigation of three methods for the prevention
and the removal of ice on ar airplane windshield has bean
completed. The methods were: electric heating; hot-air
heatling; and an alcohol-dispensing, rotating wiper blade.

- The results showed that vision through the airplanc
windshield could be maintained during severc icing condi-
tions by the use of heat. #*hen put in operation prior to
the formation of ice on the windshisld, the roteting wiper
blade prevented the formation of ice. A combination of
heated air and a rotating wiper blade would appear to pro-
tect against formation of ice on the windshield extarior,
to prevent frost on the interior, and to provide for the
removal of r&infall.

INTRODUCTION

The National Advisory Committee for Asronauntics is
conducting a program o6f research intended to reduce the
"risks now attendant on alrplane operation during icing
conditions. A part of this program is concerned with the
prevention of ice on the airplane windshield, which is a
problem in urgent need of solution. An investigation of
"three possible solutions of the windshield icing prodblem
has been completed. The methods Investigated involve the
use of: (1) heat from an electric source, (2) heat Trom
the engine exhaust, and (3) an alcohol-dispensing, rotat-
ing wiper blade. Inasmuch as the problem of ice preven-
tion exists in several forms, 1t is anticipated that sev-
eral different methods may find applicetion on the alr-
plane., The obstructions of vision through a windshield
may result from ice or snow formatlons on the sxterior
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surface or from the formation of frost on the interior.
The object of the present lnvestigation, therefore, wasg
to determine the extent to which the several methods
could preserve vision. Observatlions were alzo made to
determine the capacity of the rotating wiper blade to
remove rain from the alrplane windshield.

APPARATUS

Most of the tests of the various methods ineluded iIn
the investigation were made under simulated icing condi-
tions in flight although some preliminary tests of the
electrically heated model were made in the N.A.C.A, 7~ by
3-foot ice tunnel.

In the flight tests, the temperatures necessary for
icing conditions were obteined by climbing to the proper
altltude. During the tunnel tests, the air temperature
was controlled by a refrigeration system., Icing condi-
tlons were simulated during all the tests by establishing
the necessary temperatures and discharging water drops
from & spray nozzle into the alr stream ahead of the mod-
els. The spray nozzle wae located about 4 feet in front
of the windshield test panel. The water-drop size, and
therefore the type of ice, was controlled by the reclation
between the alr pressure and the weter pressure in the
tube leading to the spray nozzls. In the determination of
the capeclty of the rotating wiper blades to remove rain,
simulation of the naturel conditlon of rainfall was also
produced by the use of the spray nozzle.

Questions may be raised regarding the accuracy with
which natural icing conditlions were simulated by the means
employed in these tests because of the lack of control over
certain factors involved. Three such factors are the tem-
perature and the velocity of the water drops at the time of
impact and the humidity of the air. Although lack of con-
trol over these and other factors may introduce srrors in
the test data, the conclusions are believed to be free from
important discrepancies because they are bassd npon the
degree of lce protection during a controlled icing rate.
The icing rate was made comparable with rates experienced
during flight in natural icing conditions.
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Electrically Heated Tunnel Model

The tunnel modsl of the electrically heated windshi.ll
was mounted in the leading edge of an airfoil shape as
shown in figure 1. The dimensions of the tLtransparert arsa
of this model were 9 Inches by 9 inehes. The test panel
was made of two panes of glass 1/8 inch thick mounted imn a
frame and separated by a 1/4-inch gap. The gep between thea
two panes of glass contained elesctric heating wires. A
liguid dielectric, ethylene glycol, surrounded the heating
wires to aid the transmission of heat from the wires to the
glass and to prevent local overheating of the glass panes.
Detalls of ths construction of the panel rim provided for
the electrical connections, the filling of the interior
space with ethylene glycol and its retention, and a space
into which the heated ethylene glycol could expand. The
power was controlled by regulating the voltage across the
heater with a2 rheostat.

Electrically Heated Flight Model

The flight modsel of the electrically heated windshield
was mounted in the right front windshield frame of a four-
place cabin monoplane (fig. 2). The dimensions of the
$ransparent region of this pansel were 5 by 9.75 inches.,

The outside dimensions of the frame, which was set Into a
cut-out in the regular windshileld, were 8.1 by 13.1 inches.
A photograph of the model prior to insteliation in the air-
plane is shown in figure 3(a). In addition to the heating-
element wires between the penes of glass, & heating wire
was enclosed within the rim of the panel. The width of. the
part of the rim exposed to the alr sitream was three-fourths
inch. In other construction details, the flight-test model
was similar to the one tested in the tunnel.

A section drawing of the flight-test model is shcwn
in figure 3(b). The wiring diagram is shown in figure
3(c). The heating wires between the panes were spaced 0.56
inch., The power was supplied from two 1l2-volt batterles
connected in parallel and controlled in 2 manner similar to
that of the tunnel model,

Heated-Air Flight Model

The heated-air windshleld model mounted for flight
tests is shown in figure 4. The test panel, when mounted
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as shown, was set into the side window of the cabin air-
plane at an angle of 300 with the side of the airplane.
This model had been mounted in a cut-out in the right
front windshield during earlier tests. When thus mounted,
the direction of the hoit-air flow in the model with rela-
tion %0 the direction of the air stream over the outsids
was thought to be unfavorable to the most efficient opera-
tion of the heating system. In order to avolid the exten-
sive changes required both to the airplare windshield
frame and to the medel to obtain a desiradble orientation,
the model was moved to5 the side location. The side mount-
ing was therefore utilized for the rest of the tests be- .
cause it eliminaoted the objectionable features of a mount-
ing in the front panel of this particular airplarne and yet
provided conditions that would give valiéd test results.
Tre dimensions of the exterior of the frame were 9 by 14
inches. The size of the transpareht region over which ice
was prevented was 6 by 11 inches. Some glass breakage was
oxperienced during the eerly tests with this model owing
to improper mounting of the glass. When the glass panes
were uniformly heated and were protected from vibration or
nechanical deflection, breskage 4id not occur.

The important details of the construction are shown
in figure 5. The test model consisted of an intake duct,
regulating check and bypass valves, frame, and two panes
of glass. The glass panes were mounted in a frame and
separated by a small air gan. Safety glass and double-
strength window glass were used with cgual success in the
model, The structure of the frame provided for a varia-
tion of the gap beitweern the panses of glass from three-
sixtecnths inch to.one-eighth inch. This gap provided a
duct through which heated air from the cabln air heater
was passed. . ’

The temperature drop of the air passing between the
£lass panes was measured by thermocouples located in the
header and in the air outlet (fig. 5). The velocity of
the air through the model was measured by pltot and static
tubes located in the duct at the air outlet.

Hotating Windshield Wipers Tested in Flight

Tests were made of the rotating wiper blades 1ln flight
with the models mounted as shown in figures6, 7, and 8.
Three drives for the blades were used during the investi-
gation. For the lce-prevention tests, an electric drive
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developed at the  N.A.C.A. was used; the wiper blades were
driven by a 50-watt electric motor through a flexidle -
shaft at speeds varying from 300 to 750 rpm. In the rain-
removal tests, two methods of driving the blade, a drive
from the airplane engine through a tachometer shaft and e
conmercially developed 90~watt motor permitting wiper-
blade roiational sweeds up to 2,100 rpn, were used. .

.The wiper blades tested with the various drives are
shown in figure 9. ZEach wiper blade covered a disk on the
windshield 10 inches in diameter. Sections 9(a), 9(b),
and 9(c) were developed at the N.A.C.A. laboratory. The
wicks indicated in the figures were of wool felt. The
wiper blades were constructed of 1/32-inch laminatsd rubber
sheets. Sections (d) and {(e) are adaptations of automobile
windshield-wiper blades. Section (&) diffsrs from section
(d) only in that a shield is attached to the leading edge
to aid in keeping the blade in contact with the glass when
turning at high rotational speeds. Section (f), which has

& solid rubber blade, was devéeloped commercially for use on

airplane windshields. Sections (a), (b), (e}, and (f) have
rigid frames running the full length of the blade -diameter.
Sections (d) and (e) are made of two 5-inch blades running
from the hud outward. The blade sections are held in con-
tact with the windshield glass by adjustable leaf springs
mounted upon the blade hud center. Bach of the rotating
wiper-blade-shaft mountings provides for the discharge of
a fluid, such as alcohol, from the center of the blade
shaft upon the outside of the -windshield. - Isopropyl alco=-
hol, 180 proof ethyl aleohol, and 180 proof ethyl alcohol
w1th a denaturant were used w1th the w1per blade models
during the tests..

TESTS AND RESULTS

Eiectricaliy Heeted Tunnel Model

The results obtained in the ice tunnel from tests of
the electrically heated windshield model are given in
table I. The power required to prevent the formetion of
ice was measured during a test in which ths panel was
heated prior to discharging water drops from  -the spray
nozzles. The model is shown in figure 10(a) after such a
test had been made. When ice was allowcd to form prior
to heatlng the panel, removal was only partly effected,
as is shown in figure 10(b). The attachment of the ice
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covering the heated .area to that.on bordering regions
prevented the complete removal of the formation because

- ohly the 1ce.in direct contact with the glass was melt-
ed. The bridging of ice from the unheated parts of the
model apparently prevented the.ice from coming in contact
with the glass and. therefores from belng melted. The
tunnel. model failed structurally when a leak developed
and permitted the ethylene glycol contained between the
two panes -of glass to escape. With no liquid surrounding
the heeating wires, the temnperature rise of the glass rear
them caused the glass panels to break., Following the
structural failure of the tunnel model, the tests wers
continuad in flight on an improved test panel.

Electrically Eeated Plight Model

The results of -the flight %ests with the electrically
.heated nodel are giveh 1In table II. PFigure 11l shows the
flight nodel after tests during which the formation of ice
over tho protected panel was prevented. The ice was kpbt
. fron overhanging the protected roegion, as it had during’
the tunnel tests, by heating the rim of the protected area.
The protrusion of the rim of the test panel about 1/18 inch
fron the surrounding windshicld may also have aided in the
preventicn of the overhanging of ice from the unprotected
areas, Vision through the double-glass pancs aaxd tkhrough
the ethylene~glycol filler was satisfactory, being about
the sane as through a similar thickness of plate glass.

Heated-Alr Flight Model

The data and the observations taken during the test
with the haeated-air model are rocorded in table III. Tests
ware made during which ice was preventeod from forming and
in which a thin sheet of preformed 1lce was removsd. Under
icing conditions similar to those existent during the tests
on other models, the hecatod-air npanel gave satisfactory
nrotection against the loss of vision. Although the use
of the different gap sizes between the various panes of
glass slightly changed the temperature distributlon along
the panel, the degree of ice protection was unaffected by
this change. One flight was made to determine the manner
in which and the -temperature at which the hot~air method

P4
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would fail to prevent ice. The temperature of ths air was
gradually reduced and the guantity of water discharged wvas
increased to0o the largest amount that could be delivered %o
the spray nozzle., These conditions resulted in the forme~-
tion of ice on the surrounding paris of the airplane winéd-
shield at the rate of about 1 inech ir 3 minutes, After 20
minutes of flight with an air temperature of 8° F, about
75 percent of the area of the windshleld remeined clsar.
Ice was . observed to form along the edges of the parel near
the air-outlet end. The combination of air tenperature and
quantity of water used in this test 1is belisved to repre-
sent an icing condition miore severe than will normally be
encountered by aircraft in flight., Unfortunatsly, phote-
graphic results of %this test model could not be obtained
owing to high air texperatures at the airport.

PBuring the icing test with both the heated models,
visibility through the test panel was poor because cf the
presence of unfrozer water drops on the exterior surface.

Rotating W¥indshield~Wiper Blades

Ice was prevented from forming by the rotating wind-
shield-wiper blades but could znot be removed if Fformation
occurred before the blade was put in overation. Photo- .
graphs showing the test panel after a flight during which
ice was prevented from forming are shown in figure 12. All
the alcohols used were satisfactory for ths prevention of
lce although the denatured alcohol, the contents of which
are unknown, caused a slight blurring of vision through
the protected disk. This difficulty was not encountered
during the tests made with pure ethryl alcohol and with
isopropyl alcohol. One gallon of alcohol was sufficlent
for a flight of 2 hours in moderately sovere iclng condi-
tions. When jice was poerrzitted to form prior to the rota-
tion of the wiper-blade shaft, ice could not be removed.
Attempts to operate the rotating wiper blade after ice had
formed on the glass resulted in mechanical failure of the
drive.

The blade design was controlled by the problem of re-
moving rainfall rather than the preventlon of ice., All
the blades tested gave satisfactory ice prevention although
only sections (a), (b), and (f) gave satisfactory removal
of heavy rainfall, (See fig. 9.) Sections (4) and (),
although requiring less power than did the other model sec-
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tions, were unsatisfactory because they were Lifted off
the glass by the air stream over a&.part of thoe swept aroa,

Ice was prevented on the windshield.by shaft rota-
tional speeds above 300 rpm. The removal of heavy rain-
fall required shaft rotational speeds in excess of 750
rpm. The 90-watt electric motor wilith which the commer-
cially developed model was equipped secemed to be the mini-
nun power with which a 10-inch-diameter blade could be
driven,

DISCUSSION

The investigation of the prevention of ice on airplane
windshields indicates that ice can be bPoth prevented and
renoved by the use of electrically produced heat or heated
air and cen be prevented from forming dy the uso of a ro-
tating wiper blade that dispenses alcohol fron its center.,
The heated windshield will be nost effoective when it 1is
heated before ice has formed on the glass,.

The power required for the preventicn ¢f ice by the
use of electrically hoated wires at an alr speed of 100
niles per hour was about 260 watts per sgquare foot. About
2 watts of this power for each inch of rim of the protected
panel should be concentrated in the freme to prevent ice
from overhanging the sdges. If the heated panel protrudes
from the surrounding structure, the tendency of the ice
to build out over the protected panel from the edges ap~-
rears to be reduced. On the basis of observations made
during the tests and of an anelysis of the theoretical de-
sign of an elsctrically heated windshield, it is suggested
that the heating wires be arranged perpendicular to the
direction of the air strean., On the same basis, 1t is
suggested that the wires be more closely spaced near the
air-gstream entering edge of the model than.over the rest
of the panel,

The heat required to prevent the formation of ice by
the use of heated air at an air speed of 100 miles per
hour was about 900 Btu per square foot per hour., Observa-
tions made during the test indicated the dosirability of
designing the air-heated windshield in such a manner tiatl
the flow of air between the panes of glass was in the sane
direction as the air passing over the exterior. The heat
that enters the exterior boundary-layer alr at the forward
end of the model raises the temperature of the air that
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poasses over the rest of the nodel and therefore reiuces
the total gquantity of heat that is required to maintain
the panel at a given temperature.

The use of ths rotating wiper blade dispensing alco-
hol provides for the removal of rainfall as wsell as for
the prevention of ice and therefore may be prefsrable for
some airplanes tbv the other methods. The advantagze of the
rotating wiper blade seems to be that it is easily de-
signed and easily adapted to existing aircraft. The wiper-
blade method is, however, restricted because of 1its in-
ability either to remove frost from the inside of the wind-
shield or to remove a preformed ice sheet over the outside
of the windshield, It is thousht that provision for nan-
ual operation, such as by a handwheel, would .overcone the
second objection. Although the ensline-driven wiper had
such a provision, no cbservations have as yet been nade on
its operation, The method is further disqualified by the
linitations in the area that can be covered dy a rotating
wiper blade and by a partlal obstruction of the pllot'ls
vision due to the location of the blade hub,

The heated-air panel appears to be the most satisfac-
tory solution to the windshicld-icing problem, provided
that a source of air at a temperature of between 170° and
200° F is available. The heated-air panel has two alvan-
tages over the electrically heated panel: It is nore
easlly designed and uses normally wested exhaust-gas ener-
€Y whereas the electrically heatcd panel nmust be kept
liquidtight and must use electric batteries for power.

The heated-air model also has the same advantages over the
windshield wiper with regerd to the source of heat and, in
addition, has the advantage of heving no moving mechanical
parts. A disadvantage of any system that makes use of

heat alone lies in the inability of such a system to re-
move unfrozen water drops from the exterior windshield sur-
face., Inasmuch as sach of the systems tested has given,

in some measure, satisfactory results, all systems are ex-
pected to find applicatlon according to the reaguirements
and the limitations of the particular installation. Com-
bining the rotating wiper blade with the hot-air system
would give double protection against ice over & limited
area, In eddition, the interior of the heated windshield
would be protected against frost and provision would have
been made for some vision through the windshield when fly-
ing in rain. The existing practice of making the airplane
windshield retractable, or removable by the pilot may bscome
unnecessary 1if adequate protesction against loss of wvision
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due to raln or ice can be provided. The possibility is
therefore noted that the added design complications re-
sulting from the lnstallation of lce-~prevention equipment
may in part be offset by other desigr simplificatlions.

CONCLUSIONS

Tests in the 7- by 3-foot ice tunnel and in flight
indicated that:

1. Ice could be prevented from forming on the wind-
shield by electric heat, by heated air, or by an nlcohol=-
dispensing, rotating wiper blade,

2. Prcformed ice couwld be removed from the alrplane
windshield by the use of eilther elcctric or hot-air heat-
ing.

Langley Memorial Aeronautical Laboratory,
Fational Advisory Committee for Aeronauntics,
Langley Field, Va., November 14, 1939,
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TABLE I. Results of Tunnel Tests of Removal and Prevention
of Ice on Windshield by Electric Heating

[Heated area, 10 by 10 in.; transparent area, 9 by 9 in.]

Type of Alr Air Power
test speed |temper- jrequired
: ature (watts . Comments

- per

(mph) | (°F) sq in)

Preven- 80 23 1.25 Ice preventel. (Ses fig.
tion 10(a).) ZPormations at
sdége of test panel 1-1/4
inches thick. Vision
clear. Ice showed some
tendency to build out and
over panel at the entsr-
ing edge.

Removal |- 80 .23 1.80 Ice removed from about 20
) percent of panel in 15
minutes. (Sce fig. ‘
10{(b).) Ice melted be~
neath formation but web-
like crust not removed
except at top of panel.

Renoval 80 25 1.39 Ice rsmovied from 30 per-
cent after 10 minutes.
Loss of ethylene glycol
due to leakage, 60 par-
cent. ¥o ice removed
over that section not
cortainirg ethylene gly-—
col. Tests discontinued
btecause of failure of
model.
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TABLE II. Results of Flight Tests of Removal and Prevention
of Ice on Windshield by Electric Heating

[Hoated area of pane (transparsnt), 5 by 9.75 in.; total
heated area, 8.1 by 13.1 in.; cabin temperature, <40° F.]

Typej Air Air Power Alti-
of |speed |temper-{ pane | Rim tude
test ature (watts Comments
per

(moh) | (°F) |sq in) |[(watts) (f£)

Pre-| 95 26 1,43 83 (12,000 | Ice prevented over 100 percent
ven- of test psmel in continuous
tion operation. Small preformed

formations were slso removed.
Visipoility clear.2

Re- 90 25 | 1.43 683 12,700 | After 11 minutes, ice melted
mov- free from pane and was ovlown
al away from 80 percent of the

test panel. Lowver edge re-
mained covered owing to insuf-
ficient power in lower rim
heater. Slight blurring be-
tween vires of test panel.
Visibility poor.

Re- 9g <5 «55 <50 14,800 | After 8 minutes, ice formetion

m.ov-— over penel melted free and
el ' moved sidewise until contect

wos moade vith ice over sdjscest
aree. Rim power grester than

needed.
Fre-| 120 26 1.43 63 | 12,000 | Ice prevented over 100 percent
ven- of test psnel.2

tion

8The ice-forming conditions gid not require a rir heater except at lesding

edge. Ice was removed from unprotected areas along sides and at top of
heated panel, indicating thet rim heaters slong those edges were not
requirede.
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TABLE III. Data from Tosts on dindshisld Panel When
Heated by CePin air Heater

"Pransparent aresa, 6 by 1l in.; total arca heated, 9

—_

by 14 in.; approximate cabin air temperature, 60° F.]

Aroient air Psnel-heating air |Stace
De-

Veloclty|Terper—| Velocity| Texperature| treen _ Btu Remarks

\ ature In out |o@nes|(sq £t /hr)

(rph) (°F) (fps) | (°F) (°F) |(izn.)

2105 27 47 172 137 |3/1s €00 Ice nre-
vented
and re-
moved.

]
2114 27 67 1 180 148 [3/18 1,000 Do.
[

bgy - 30 &7 168 147 i1l/8 430 Do.

Lg2 31 49 185 153 |2/16 280 Dry sir.

ogp - 21 a9 160 147 |2/16 320 Ice pre-

| vented
and re-
moved .
R |
Y119 g - ll?O - 2/16 —_— Ice pre-
I vented
{ over 75
I : percent
i % of area.

T

8Funs made witk panel in front windshield.

Bpuns rede with nanel in frame on side of fuselage.
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Figure 1.~ Electrically heated windshield model mounted in N.A.C.A.
ice tunnel,

; P e eme -

Figure 4.~ Heated-air windshisld model mounted in a frame at the side
of the airplans fuselage.
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Figure 3.~ Elecotrically heated windshield model mounted

in an airplane windshield for flight tests. The
main windshield ie cut out to permit the insertion of the
heated penel.

Figure 3al-Photograph of model.
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rPane heafer

Rim heafer.‘\

Porcelain cement

ABake//fe
Brass rim

()
S8ection through rim. Wiring dlagram of
heating circuits.

Figure 3.— The electrically heated flight-test model.

\\\ Heated—air infet

/
7/

™ Pitot-stotic
fubes

Figure 5.~ The heated-alr flight-test model.
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Figure 6.~ Roteting wiper blede mounted in the windshield of &
four-place cabin monoplane. The spray nozzle may be
seen on the upper front of the engine cowling.

— = . - - —4" e

Figure 7.- An engine-~driven rotating wiper blade, viewed from the
interior of the airplane.



N.A.C.A. Technical Note No. 754 Fig. 8

(b)
(a) View from the front of the airplane.

(b) View from interior of the airplane showing gear and shaft
housing and, for a short distance along the shaft housing,
a part of the alcohol tube.

Figure 8.- A commercial model of the electric motor-driven rotating
wiper blada,
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Direction of motion

(a) N.A.C.A. wiper blade and wick.

(b) N.A.C.A. wiper blade only.

(e¢) N.A.C.A. wick only.

(d) Plain automobile wiper blade
(blade in two sections).

(e) Automobile wiper blade with
deflector (blade in two sections).

(f) Commercial design of airplane
wiper blade.

Figure 9.- Section views of the blades used in ice-prevention
and rain-removal investigations on the rotating-
wiper-blade models.
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Y Mhe madal
/ 4G NNOUSL
after an
ice~pre-

vention

(b) The model
after an
ice-
removal
test.

:--;? . . . ’;J: .i‘. ._E'._-:'.
Figure 10.- Tunnel tests on an electrically heated windehield test panel.

_____

Figure 1l.- The electrically heated flight test model after flights

during which ice was both prevented and removed on the
test panel. Note freedom from overhanging ice at the edges.
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(b)

(a) View of the blade from in front of the airplane,
Alcohol was discharged from the center of the
blade onto the glass.

(b) View of the gear and shaft housing from the interior
of the airplane., Alcohol was fed to the center of the
blade through the gear and shaft housing.

Figure 1l2.~ Electric motor-driven rotating wiper bdlade developed
at the N.A.C.A.

12



